The alterations of subcellular metabolite levels during the day in spinach leaves have been investigated using nonaqueous density gradient centrifugation to separate chloroplasts, cytosol, and vacuole. The results provide direct evidence for the role of sucrose phosphate synthase and cytosolic fructose 1,6-bisphosphatase in reguhting sucrose synthesis in leaves and also show that the phosphate translocator is kinetically limiting in Vivo.
Recently, progress has been made in understanding how photosynthetic sucrose synthesis is regulated in spinach leaves in response to the supply of photosynthate and the demand for sucrose ( Fig. 1) . As photosynthesis increases, trioseP2 becomes available for synthesis of sucrose in the cytosol, and there is a decrease of Fru2,6P2 (32), a regulator metabolite which is a potent inhibitor of the cytosolic Fru 1,6Pase (16) . The increased substrate and decreased inhibitor concentration activates the cytosolic Fru 1, 6Pase . The increased production of hexoseP is, in turn, thought to stimulate SPS, via a rising GLc6P/Pi ratio (6, 18, 19) . In addition, there is a light-activation of SPS in spinach leaves (40) . On the other hand, when sucrose accumulates in the leaf the rate of sucrose synthesis can be decreased, and more photosynthate is diverted to starch in the chloroplast (3, 17, 18, 34, 38, 40) . A 20 to 40% increase of the overall content of hexoseP, UDPglucose, and trioseP in spinach leaves (30, 33) shows both SPS and the cytosolic Fru 1,6Pase are being inhibited in vivo. This is caused by a decrease in the amount of SPS activity (40) and a 2-to 3-fold increase of Fru2,6P2 (17, 30, 33) . Evidence is accumulating for a similar regulation in other plants. Fru2 ,6P2 decreases after illumination in pea (2) , maize (34) , and barley (M Stitt unpublished data) leaves. Distinct and rapid alterations of SPS activity are found during light-dark transitions in barley (27) and maize (19) . SPS from a range ofplant leaves is controlled by the Glc6P/Pi ratio (SC Huber, personal communication). Increased starch synthesis is accompanied by increased Fru2,6P2 in maize (34) , pea (2) , and soybean (SC Huber, personal communication) and changes of SPS activity, although there may be differences between species (18, 25, 26) . In soybean the changes ' Supported by the Deutsche Forschungsgemeinschaft.
2Abbreviations: trioseP, triosphosphate; Frul,6P2, fructose 1,6-bisphosphate; Fru2,6P2, fructose 2,6-bisphosphate; Rul,5P2, ribulose 1,5-bisphosphate; Fru6P, fructose 6-phosphate; Glc6P, glucose 6-phosphate; UDPGlc, UDP-glucose; DHAP, dihydroxyacetone phosphate; PGA, 3-phosphoglycerate; Frul,6P2ase, fructose 1,6-bisphosphatase; SPS, sucrosephosphate synthase.
are endogenous, while in maize the changes of SPS appear to be more dependent on the rate and duration of photosynthesis, and the export of sucrose from the leaf (18, 19) .
Taken together, these studies suggest that photosynthetic sucrose synthesis is controlled by an interaction between the cytosolic Fru 1,6Pase and SPS. As photosynthesis becomes faster, sucrose synthesis is favored by rising trioseP, falling Fru2,6P2, a risirg Glc6P/Pi ratio, and a light-activation of SPS. In addition, a decline in the measured SPS activity and an increase of Fru2,6P2 lead to the restriction ofsucrose synthesis, which allows starch to be rapidly accumulated.
These proposals are based on measurements of fluxes and metabolites in whole leaves. While Fru2,6P2 is restricted to the cytosol (30) , most other metabolites are present in the chloroplast stroma as well as in the cytosol. In previous studies, the overall metabolite contents have been interpreted on the assumption that the subcellular distribution of metabolites in leaves would resemble that in protoplasts (11, 12, 28, 29, 37) , where the majority of the UDPglucose, hexoseP, and trioseP are in the cytosol. However, this assumption may not be justified, as protoplasts are an isolated system in which photosynthesis can be maintained for only a few minutes, and in which the normal path for sucrose export is missing.
Fractionation of frozen and lyophilized leaf homogenates by nonaqueous gradient centrifugation has been successfully applied for the determination of metabolite contents of the chloroplastic and extrachloroplastic fractionation of leaves (4, 13) . This method has been further improved to achieve a partial separation of material deriving from the chloroplasts, cytosol, and vacuole of spinach leaves (10) . Leaf material is rapidly frozen in liquid N2, ground, and lyophilized. The dried material is then ultrasonicated in a mixture of hexane/carbon tetrachloride and subjected to nonaqueous density gradient centrifugation, yielding a partial separation of material deriving from the chloroplast stroma, the cytosol, and the vacuoles. Marker enzymes and metabolites are assayed in 5 to 6 fractions, and the subcellular distribution of each metabolite is then estimated.
We have now applied this method to study how sucrose and the levels of phosphorylated intermediates vary in the subcellular compartments of leaves in conditions when sucrose metabolism is being altered. The results provide direct evident for our previous proposals about how the cytosolic Fru Leaf material was frozen in liquid N2, homogenized, and extracted in 10% HCl04 as in Gerhardt and Heldt (10) . Metabolites, sucrose, and starch were measured as in Stitt et al. (30, 37) . For details of the nonaqueous subcellular fractionation technique, see Gerhardt and Heldt (10) .
In experiments where only the total leaf metabolite content was measured, each sample contained 4 is no marked change during the remainder of the day, and it then declines through the night (Fig. 3) . Thus, most ofthe sucrose accumulated in the leaf is found in the vacuolar compartment. There are also marked alterations of malate during the day and night. Most of the malate is stored in the vacuole (Fig. 3B ).
Unlike sucrose, where the vacuoJar concentration does not exceed the concentration evaluated for the cytosol, the vacuolar concentration of malate appears to be much higher than that in the cytosol (10) , reflecting an active transport of malate (23) .
Diural Alterations of Metabolites in the Stroma and Cytosol.
Alterations of the total content of selected metabolites are shown in Figure 4 . They can be divided into two groups, on the basis of the fluctuations in their overall content, as seen previously with leaves (1, 4, 29, 37) and protoplasts (29, 37 (9) , an increase of esterified P would be accompanied by a decrease of free Pi.
In Table III Fru6P depended on conditions. In the dark, hexoseP were almost all in the cytosol. In the light, the stroma contained substantial hexoseP, but the proportion in the stroma declined later in the day. PGA is present in considerable amounts in the stroma and cytosol but more is present in the stroma in light (between 70 and 80% of the total) than in the dark (54-64%). The low levels of DHAP prevented its distribution being measured in the dark. In the light, most of the DHAP was found in the stroma at the beginning of the day, but the distribution changed in favor of the cytosol gradually during the day, and when leaves were transferred to C02-free conditions. Free Energy Changes of Reactions. The determination of subcellular metabolite levels allows the evaluation of in vivo free energy changes of some stromal and cytosolic reactions (Table   V) . As (4) , with isolated chloroplasts (22) , and with chloroplasts contained in protoplasts (28) . The apparent displacement of this reaction in the direction opposite to the metabolic flux in the Calvin cycle cannot be explained at present. In the case of phosphoglucose isomerase, the Glc6P/Fru6P ratio (Tables I and II) in the cytosol is consistently found to be about 3 times higher than in the stroma (see also Ref. 4) . The reaction appears to be in full equilibrium in the cytosol, but displaced from equilibrium in the stroma, as indicated from the negative AG value. It has been proposed that the stromal glucosephosphate isomerase has a rate limiting function in starch synthesis of leaves (5) . DISCUSSION General Features of Subcellular Metabolite Levels. When CO2 fixation is occurring, the levels of almost all stromal metabolites are markedly higher than when photosynthesis is prevented by (6, 18, 19) . It was therefore suggested that a rising Glc6P/Pi ratio would stimulate SPS as photosynthesis increases and hexoseP is produced (38) . Our measurements confirm that Glc6P decreases 2-to 3-fold in the cytosol when photosynthesis is stopped by darkening leaves or excluding C02, and suggest that cytosolic Pi may alter in a reciprocal manner. The substantial levels of hexoseP and UDPGlc which remain show that SPS activity has been inhibited by regulation, and not just by depletion of substrates. These, and similar results with protoplasts (29), provide clear evidence that SPS is regulated by metabolites in vivo as the rate of photosynthesis varies. The results have been incorporated into a model (40) suggesting that SPS resembles the cytosolic Fru 1 ,6Pase, being first activated once a threshold level ofhexoseP is reached.
However, our results also demonstrate that additional regulatory mechanisms are needed in vivo. Upon illumination at the beginning of the day, Glc6P and Pi do not change appreciably, and allow the conversion of hexoseP to sucrose to be activated without this necessarily needing an increase in the cytosolic hexoseP pool. Export and Storage of Sucrose. Sucrose is exported in the phloem, but some sucrose is also accumulated in the vacuole of spinach leaves, as has also been shown for barley protoplasts (20) . Accumulation of sucrose declines as the day progresses, suggesting that the rate of sucrose synthesis has been modified (see below) so that it matches export more closely and more photosynthate is accumulated as starch. To understand these changes in the export, storage, and synthesis of sucrose, we need to know how the sucrose concentration in the cytosol is varying. Our method reveals how the extravacuolar sucrose varies in leaves. This probably includes not just the sucrose in the cytosol of photosynthetic cells but also the sucrose in vascular tissue and any sucrose in the cell wall (10) . At the beginning of the day, the extravacuolar sucrose rapidly increases about 5-fold and remains at about this level during the remainder of the day. An increase in one or more of the extravacuolar pools could therefore contribute to stimulating export of sucrose out of the leaf at the beginning of the day.
The maximal concentration of sucrose in the cytosol can be estimated as about 10 mm in the dark, and 40 to 50 mm in the light (Fig. 6) , assuming that all the extravacuolar sucrose is restricted to the cytosol of mesophyll cells. The highest concentration reached in the vacuole would be about 30 mm (assuming a vacuolar volume of 150 ,l -mg-' Chl volume), so uptake into the vacuole could be passive, if the cytosol accounts for most of the extravacuolar sucrose. This agrees with studies of isolated barley leaf vacuoles, showing that they possess a passive sucrose transport system (21) .
Our results do not provide evidence for an increase of sucrose in the cytosol during the day as storage in the vacuole is decreasing and the partitioning of photosynthate is being altered in favor of starch. These results do not prove that the cytosolic level remains unchanged as there may be multiple pools of sucrose in the leaf, but any significant increase in the cytosol would require that sucrose decreases in the cell wall or in vascular tissue during the day, which seems somewhat unlikely. Clearly, it remains an open question, whether alterations of sucrose are directly involved in controlling sucrose synthesis and partitioning, or whether other regulatory mechanisms must be postulated, which allow sucrose storage, export, and metabolism to be controlled independently of the cytosolic sucrose level. It might be noted that 50 mm sucrose has no direct effect on SPS, nor on the activity of enzymes which synthesize or degrade Fru2,6P2 (M Stitt, unpublished data). A correlation between sucrose accumulation and inhibition of sucrose synthesis does not necessarily mean that the accumulation of sucrose is directly causing the rate of sucrose synthesis to be altered. If export of sucrose were remaining constant, then a change in the rate of sucrose accumulation could equally result from a change in the rate ofsucrose synthesis.
Coordinate Inhibition of SPS and the Cytosolic Frul,6Pase during the Day. While the ultimate cause remains unclear, the results in Figure 5 provide clear evidence that sucrose synthesis is increasingly restricted in the course of the day as an increasing proportion of the photosynthate is being diverted toward starch, but the levels of metabolites rise in the cytosol. The accumulation of its substrates (UDPGlc and Fru6P) shows that SPS activity has been restricted, while the increase of DHAP and Frul,6P2 reveals that the activity of the cytosolic Frul ,6Pase has been decreased. What is immediately responsible for the lower activity of these enzymes?
For SPS, the concentrations ofsubstrates (Fru6P and UDPGlc) and of activator (Glc6P) increases during the photoperiod, while the concentration of the inhibitor, Pi, may even decrease, which would be expected to even increase SPS activity later in the photoperiod (see above). Therefore, other regulatory mechanisms must be acting to compensate for this regulation by metabolites. This may involve changes in the amount of SPS activity in the leaf, or in the activation state of SPS. It is known that the activity of SPS, which can be extracted from leaves, varies during the day in many species (18, 19, 26) . Recently, we have found a gradual 20 to 40% decline in the activity of SPS between 30 min and 8.5 h in the light (40) , which is linked with a change in the kinetic properties, so the enzyme becomes more sensitive to inhibition by Pi (15) . Further studies are needed to clarify whether these changes in the amount of activity are due to protein modification, or protein turnover. The restriction of cytosolic Frul,6Pase activity can be explained by the gradual increase of Fru2,6P2 in the cytosol during the day (30, 35) . But why does Fru2,6P2 decrease at the beginning of the day and increase again later?
Regulation of the Fru2,6P2 Concentration. Fru2,6P2 is synthesized and degraded by specific enzymes, called Fru6P,2-kinase and Fru2,6Pase, respectively, whose activity is regulated by metabolites (3, 31, 36) . Our results support the previous proposal that regulation of Fru6P,2-kinase by DHAP and PGA allows Fru2,6P2 to be decreased as photosynthesis increases (31, 32) . DHAP increases markedly when leaves are illuminated (Fig. SE) , which will decrease Fru2,6P2. The inhibition of Fru6P,2-kinase by DHAP is particularly effective when Pi is high and Fru6P is low (36) in leaves at the beginning of the day. When photosynthesis is inhibited by low CO2. the large decrease of PGA in the gested from measurements in whole leaves (32) .
The gradual increase of Fru2,6P2 in leaves during the day was previously interpreted as a consequence of the decreased SPS activity. When SPS is inhibited there is an accumulation of Fru6P, which should stimulate the synthesis and inhibit the breakdown of Fru2,6P2 (31, 33) . The measurements in Figure 4 confirm that Fru6P rises 2-fold in the cytosol during the day, but our earlier explanation has to be extended, since DHAP also increases 2-to 3-fold. This increase of DHAP would be expected to inhibit the Fru6P,2-kinase and prevent the increases of Fru2,6P2. This problem was previously not apparent, because measurements in whole leaves did not reveal the marked accumulation of DHAP in the cytosol in the course of the day. Two recent findings may provide an answer. As inhibition of Fru6P,2-kinase by DHAP becomes weaker as Pi is decreased (36) , the declining cytosolic Pi during the day (see above) will weaken the effectiveness of DHAP as an inhibitor, partly counteracting the increased DHAP concentration. However, the results of Figure  5 led us to reinvestigate whether the concentration of Fru2,6P2 is also controlled by other mechanisms in leaves, apart from the previously characterized control by metabolites. We have recentlt found that the rise of Fru2,6P2 during the day is accompanied by a 2-fold increase of the Fru6P,2-kinase: Fru2,6Pase ratio (39, 40) . Further studies are needed to show what is causing these changes, which will contribute to the rise of Fru2,6P2 as partitioning into starch is increased.
Kinetic Limitation by the Phosphate Translocator. The discussion so far shows how sucrose synthesis is activated as the chloroplast utilizes Pi and provides trioseP, and how the cytosol can restrict sucrose synthesis and decrease the demand for trioseP so that more starch is accumulated in the chloroplast. This transport of trioseP and Pi between the stroma and cytosol is catalyzed via the phosphate translocator (8) . As it transports its substrates in both directions in a passive manner, the rate and direction of the exchange of trioseP and Pi depends upon their concentrations in the two compartments (7, 8) , and alterations in fluxes and concentrations in one compartment will be transmitted to the other.
With isolated chloroplasts, the phosphate translocator shows an excess of activity and to attain optimal rates of photosynthesis it is necessary to restrict the activity of the translocator by using low Pi concentrations in the medium, or by inhibiting the translocator partially by adding PPi or pyridoxal P (8). However, isolated chloroplasts provide a special case because only one potential substrate (Pi) is present outside the chloroplast. In vivo, in the cytosol there are also considerable pools of the other, competing, substrates DHAP and 3PGA. In vivo, a considerable portion of the translocator capacity will be catalyzing homologous exchanges, transfer of Pi and PGA, or even a reversed uptake of trioseP in exchange for Pi. The translocator might still exert a kinetic limitation in vivo, even though the maximal activity of the translocator exceeds the rate of photosynthesis. Any such kinetic limitation will mean that substantial concentration gradients of trioseP, PGA, and Pi could develop across the envelope membrane during rapid photosynthesis, and would disappear rapidly when the rate of photosynthesis is decreased in the dark or in low CO2. Inspection of Table IV confirms there is variation in the distribution of DHAP and PGA, depending on the conditions.
Interpretation of these data is complicated, because the transport process is itself affected by illumination. In isolated chloroplasts, illumination leads to an alkalization of the stroma by 0.5 to 1.0 pH units (14) , and recent studies on CO2 absorption by leaves have been interpreted as showing that similar pH changes are also occurring in the chloroplasts in vivo (24) . The resulting pH gradient across the envelope influences transport (7), leading cytosol (Table I) will inhibit Fru6P,2-kinase, as previously sug-dependent changes of the kinetic properties of the phosphate translocator (7) , and because in alkaline conditions most of the PGA is present as PGA3. PGA is transported by the translocator, like the other substrates, as divalent anion. Consequently, in illuminated chloroplast suspensions the PGA/trioseP ratio in the medium is usually much lower than in the stroma (8) . In analogy we would expect a much higher stromal PGA/trioseP ratio in the stroma than in the cytosol of illuminated leaves. In fact, PGA/trioseP ratios in the cytosol and stroma differ only by a factor of 2.5 or less when leaves are illuminated in the air (Table   I) .
When the leaves are illuminated in the absence of CO2 to prevent CO2 fixation (Table II) , however, the PGA/trioseP ratio in the cytosol is about 7 times lower than that in the stroma. Thus, the light-dependent alkalization of the stroma is revealed best in low C02, when the photosynthetic fluxes are slowed to allow PGA and trioseP to distribute at nearer to their expected equilibrium. In air, however, this asymmetrical distribution is less pronounced, suggesting that the phosphate translocator is kinetically limiting and the presence of a pH gradient is masked. An asymmetric distribution of PGA and trioseP was previously found during induction in spinach protoplasts, when photosynthetic fluxes would be lower (28) . Also recalculation of published results for wheat protoplasts (29) shows that the (PGA/ trioseP)stroma: (PGA/trioseP),y, quotient, which was low (2) (3) (4) in the light, increased markedly 10 s after darkening and decreased again during the next 60 s in the dark (back to 2-4). The high quotient immediately after darkening could reflect the light-dependent alkalinization, which then decays as the period in the dark is extended.
The consequence ofa kinetic limitation oftransport for sucrose synthesis is illustrated in 
